to allow cultivation of hemp varieties with a ⌬ 9 -THC content below 0.3%. By 1998 hemp was reintroduced
H
emp is a traditional crop in Europe and Asia. It dioecious condition. Monoecious plants freely pollinate belongs to the Cannabaceae family, which comfemale and monoecious individuals during multipliprises two genera: Cannabis and Humulus (hops). Decation. spite hempЈs past importance for both the textile and Drug varieties are dioecious, but their genetic backmanufacturing industry, its cultivation declined rapidly ground probably has been narrowed to keep the ⌬
9
-THC during the sixties primarily for two reasons: strong comcontent high and uniform; drug hemp breeders make petition from cotton (Gossypium hirsutum L.) and synextensive use of plants cloned through in vivo propagathetic fibers and multiple efforts to limit marijuana tion, and of full-sib crosses. It is possible to get partial abuse carried out in virtually all western countries. reversion of sex in female plants (Mohan Ram and Sett, Hemp varieties used for drug consumption, which have 1982), which when self-pollinated leads to the inbred, a high content of the psychoactive compound ⌬ 9 -tetragenetically female lines. hydrocannabinol (⌬ 9 -THC), are in many cases not morIn general, current fiber cultivars include open-polliphologically distinguishable from fiber varieties with a nated populations, selections, and F1 and F2 hybrids lower, nonpsychoactive level of ⌬ 9 -THC (de Meijer, with a high degree of genetic variability. Italy was one 1999).
of the leading European countries in hemp cultivation Recently, the need for alternative crops has renewed and breeding (Bó csa and Karus, 1998) . Italian cultivars interest in hemp cultivation for several reasons: (i) the have the highest fiber quality employed in the textile comparatively low chemical fertilizer input required by industry and range from landraces (Carmagnola), or hemp, (ii) its exceptional disease resistance, and (iii) selections from landraces (C.S., Carmagnola Selezioincreased public perception of the value of natural fibers nata), to cross-bred populations (Fibranova) . In other compared with synthetic ones (Montford and Small, countries breeding programs are designed to produce 1999). A number of hemp varieties were included in monoecious varieties, especially useful for pulp and pathe European Union list as eligible for subsidies, and per production and for seed yield (e.g., the French cv. legislation has been modified in almost all countries Fibrimon and its derivatives). These differences in breeding strategies presumably affected the variability differentiation measured by RAPD analysis (Williams et al., 1990 ) and the genetic structure of six different within hemp varieties; however, no in-depth studies on this issue have been performed. hemp varieties. Furthermore, the possibility of hemp cultivar discrimination using molecular markers and The terms sativa and indica are often used in different ways by different authors, reflecting marked disagreesuitable statistical methods was investigated. ment on Cannabis taxonomy. Small and Cronquist (1976) estimates of cannabinoids content in the dry matter of Leaf samples from individual plants were collected about 20 d after sowing in a greenhouse. The collected material was inflorescences and leaves from 500 individual plants by used to prepare genomic DNA; the SCAR 400 male-specific gas chromatography (de Meijer et al., 1992) . This is a marker (Mandolino et al., 1999) was used to select five female demanding procedure, though amenable to automation, and five male plants within the dioecious varieties, Carmagand experiments are underway to set up faster and equally nola, CS, Fibranova, and Northern Lights, and the only male reliable techniques based on immunoassays (Grassi and plant included in the study from the monoecious variety, FibriRanalli, 1999). Molecular fingerprinting could be a remon. This partition was also validated by direct inspection of liable method to discriminate both cultivar types (fiber the flowers at maturation. Horta Pharm B.V kindly provided and drug), and could also be used to obtain estimates freeze-dried leaf material of the line b92.73.2.13. of phylogenetic relationships among taxa identified by different authors.
DNA Preparation and Polymerase Chain
The approach used for varietial identification in allogReaction Analysis amous species depends upon their genetic diversity, DNA was prepared and quantified as in Mandolino et al. which is determined primarily by the breeding methods (1999) . Bulks of the different varieties were prepared by mixadopted. Variation can be measured at different scales ing equal amounts of DNA from single plants.
by different molecular markers-restriction fragment Polymerase chain reaction (PCR) analysis was performed with length polymorphism (RFLP), RAPD, microsatellites, the arbitrary decamer primers OPA08 (5ЈGTGACGTAGG3Ј), and amplified fragment length polymorphism (AFLP).
In many cases RAPD makes it possible to determine OPG04 (5ЈAGCGTGTCTG3Ј), and OPH01 (5ЈGGTCGGAG the overall profile of a bulked sample from several indi-AA3Ј), Operon Technologies (Alameda, CA) on DNA of every variety. The PCR conditions and gel electrophoresis were as vidual plants, and hence the identification of varietydescribed elsewhere (Faeti et al., 1996) . specific DNA bands (Dulson et al., 1998) ; alternatively, The objective of our research was to determine cules, CA), using methods described elsewhere (Forapani et al., 1999) .
whether there is a correspondence between molecular two-allele system (1 and 0; Lynch and Milligan, 1994) .
Collected data were organized as matrixes composed of number between varieties were analyzed using a one-way analysis of variance (SAS, PROC GLM procedure; SAS Institute, 1985) . Before running each analysis the assumption of homoscedasticity was checked by Bartlett's test ( Weir, 1996) and combination of the five primers allowed a full discrimi-
RESULTS
(ii) unbiased heterozygous frequency obtained as two times nation at the individual level for all varieties, including the product of both allele frequencies (Nei, 1978) . These pathe inbred female line, where the discriminative power rameters were calculated at each locus and averaged over all of male-associated markers was not present (Table 1) .
scored loci, and were also calculated for each of the varieties. proportion of the variation except in two cases: OPA08
according to Raymond and Rousset (1995) to evaluate cultivar and OPB06 (Table 2 ). The Rsignificantly higher for the French fiber cultivar Fibri- , 1992) . Initially, the differcious drug variety Northern Lights (62 loci, 61.3% polyences among individual plants within sexes were anamorphism and 61 loci and 57.3% polymorphism, respeclyzed, and therefore, only the four dioecious varieties tively). Finally, the lowest levels of all the parameters were considered. This first analysis revealed a small characterized the inbred female line b92.73.2.13, where (3.3%) contribution of sex to the total observed variance the sex-specific polymorphism was absent. As expected, the highest average allele frequency was found for the line b92.73.2.13 (0.79), while hybrid population Fibranova showed the lowest value (0.42).
Estimates of unbiased heterozygosity for Carmagnola and CS are indistinguishable (0.20), while Fibranova showed the highest heterozygosity (0.26), and Fibrimon and Northern Lights had the same lower value (0.15). Finally, the overall average polymorphism was 97.1% and heterozygosity was 0.29.
Fixed Differences between Varieties, F-Statistics, and Test for Population Differentiation
The Fst value between varieties for all the 102 loci considered simultaneously was 0.48 Ϯ 0.03 (99% confidence interval, 10 000 bootstrapped replication). Fst estimates for each locus varied considerably, from a minimum of 0 (for 4 loci), up to the maximum of 1 (for the 8 cultivar-specific bands, Table 3 ). Out of the 102 loci identified, only 34 (i.e., 33.3%) had Fst values above the average value of 0.48. Markers with Fst above this threshold value are more likely to be informative for variety characterization; therefore, only one-third of all scorable loci can be useful for this purpose. Each of the five primers identified some of these 34 loci.
Fisher's combined probability test applied to marker frequencies resulted in a 0 value in most cases (i.e., full differentiation; data not shown). All cultivars were distinguishable from each other, with the exception of the three Italian varieties, Carmagnola, CS, and Fibra- cultivar specific RAPD profiles. However, when fixed (Wachira et al., 1995) . In potato (Solanum tuberosum L.), the best probe-enzyme combination tested in a * Significant at the 0.05 probability level. *** Significant at the 0.001 probability level.
study on discrimination of 4n varieties and 2n lines, resulted in 95% polymorphism (Gebhardt et al., 1989) , and a similar result (93%) was obtained by RAPD anal- (Table 4 , upper part). However, the assumption of variysis (Forapani et al., 1999) . In perennial ryegrass (Lolance homogeneity was violated; therefore, the analysis ium perenne L.), RAPD analysis showed that diversity was not meaningful. The between-varieties variance was within cultivars was higher than between cultivars homogeneous and the contribution to the total observed (Sweeney and Danneberger, 1994) ; in Medicago meiotic variance of the differences between varieties and bemutants from different species, 119 of 125 RAPD fragtween individuals within varieties was almost the same ments identified (95%) were polymorphic (Barcaccia et (48.8 and 51.2%, Table 4 ). These estimates, however, al., 1994) . These data suggest that variability in hemp critically depend upon the cultivars studied. When sinis of the same magnitude as the other outbred species. gle pairs of varieties were compared, the proportion of Extensive variation for the total and average number among-cultivar variation changed dramatically, ranging of bands generated by each primer within each variety from 12.8 to 76.0% (Table 5 ). When considering all was found (Table 2) . Among the cultivars analyzed, the varieties cumulatively, the observed variance ranged the inbred female line b92.73.2.13 had the lowest band from a minimum of 40.1% (OPG04) to a maximum of number (total, per primer, or per genotype) and was 58.4% (OPH01; data not shown). Primers OPH01 and characterized by a narrower range of variability com-OPA11 (58.2% among-cultivar variance) were therepared with the other varieties, probably because of the fore the most informative to highlight differences beloss of several alleles during the inbreeding-selection tween cultivars and to minimize individual polymorphism cycles. Among the other cultivars no differences in band within cultivars.
number suitable for varietal characterization were found, as indicated by the overlapping of the groups identified
DISCUSSION
by Tukey's test (Table 2) . On the contrary, the number
Diversity in Cannabis
of loci identifiable and the proportion of fixed to polymorphic loci seemed to be good indicators of differences Cannabis sativa is an obligately outbreeding species, in genetic structure (Table 3) . Fibranova, the Italian dioecious in nature. This mating system is probably recross-bred variety, showed a high level of heterozygosity sponsible for the extremely high degree of variation and heterogeneity, the highest number of loci, the highfound at both the intra-and the intergenotypic level est percentage of polymorphism, and the lowest average by RAPD analysis. The assumption made, that bands allele frequency. Average heterozygosity was lower for observed correspond to genetic loci, is justified by a the other two Italian cultivars, Carmagnola and CS, parallel study of the heritability of RAPD markers in because of the introgression in Fibranova of alleles origispecific crosses, showing a largely mendelian behavior nating outside the Italian genepool. The low heterozyof DNA bands (data not shown). Our results confirm gosity found in Fibrimon and Northern Lights could an exceptionally high degree of polymorphism for this reflect the strong selective pressure necessary to mainspecies, as reported by Faeti et al. (1996) . In fact every tain the main phenotypic characteristics of these varieties (monoecy and high ⌬ 9 -THC, respectively). Finally, Variance component analysis revealed that the proour opinion that Hardy-Weinberg equilibrium in these portion of variance attributable to between gender difconditions is reasonably respected.
ferences within dioecious cultivars is not significant. InThe Italian landrace Carmagnola and CS, the selecstead, interindividual differences within sexes explain tion derived from Carmagnola, were extremely similar most of the observed variation (Table 4 , upper part). for all the genetic diversity parameters measured (Table  Even when gender was ignored and all the varieties 3). Furthermore, their within-and among-cultivars variwere considered simultaneously (dioecious, monoecious ance partitioning was similar. Specifically the amongand female cultivars), 51.2% of the observed variation cultivar difference was smallest for this pair (12% , Table  was explained by interindividual differences within cul-5) and of the same magnitude of the among-years variativars, and only 48.8% was explained by among-cultivar tion found comparing two different Carmagnola seed variation (Table 4 , lower part). In summary, with every lots (15%; data not shown). Although it is possible that primer tested, the amount of intracultivar variation is this lack of variability is caused by the relatively limited of the same magnitude as the intercultivar variation. sample size, by no molecular or statistical means could This result supports previous findings suggesting the these two materials be distinguished. The question arises existence of a single, widely shared gene pool with limwhether the CS selection can still be considered a variety ited genetic separations among groups (de Meijer, separated from Carmagnola, at least based on the seed 1999). The AMOVA results indicate the presence of lot analyzed. The possibility that Carmagnola and CS a reservoir of variation even within the most selected are actually the same cultivar is also supported by the varieties, which could also explain the extreme adaptallele frequency comparison by FisherЈs exact test. In ability and flexibility of this species. Nonetheless, the summary:
proportion of among-cultivar variance changes dramatically depending upon the cultivars examined (Table 5 ), 1. No differentiation was possible between Carmagranging between 12.8% (Carmagnola-CS, where the nola and CS, at least with the scored loci.
variety boundary is faint), up to over 76% (b92.73.2.13 2. It is possible to distinguish the Carmagnola/CS vs. Fibrimon or Northern Lights) in the cases of highly pool from the Italian cross-bred Fibranova, alselected, divergent cultivars. though the discrimination between Carmagnola
The amounts of intra-and intercultivar variation found and Fibranova appears more pronounced than the in this study and in previous ones (Faeti et al., 1996; one between CS and Fibranova. Mandolino et al., 1998) appear to be typical of dioecious, 3. All other varieties can be differentiated from each outbreeding species, and are comparable with those reother and from the Italian germplasm. Therefore, ported in species like buffalograss [Buchloë dactyloides it seems that a large number of loci in a sample of (Nutt.) Engelm.], white clover (Trifolium repens L.), 10 individuals per cultivar is sufficient to properly and foxglove (Digitalis obscura L.), where the proporidentify at least five out of the six hemp varietion of total variation attributable to individual differties examined.
ences within the populations ranged between 73 and 85% (Huff et al., 1993; Gustine and Huff, 1999; Nebauer Loci Distribution et al. 1999). Results of F-statistics allowed a more detailed inspection of the most discriminative loci. One possible ap-CONCLUSIONS proach to characterize hemp varieties could be based on the definition of a minimum Fst value above which
The low Fst values found for the majority of the tested loci points to the difficulties encountered in hemp loci are assumed to be discriminative. This is obviously true for the eight variety specific markers indicated in cultivar characterization. A wide number of markers need to be scored, and in this respect, AFLP technology Table 3 and having a Fst value of 1.00. These markers could be used to discriminate the amplification products seems to be the best option for future germplasm studies. On the other hand, this technology is still costly, of a bulked DNA sample (Fig. 1) . However, 26 other markers were found with Fst above 0.48 (average value) and our results have shown the necessity to consider a large number of individuals per cultivar, due to the and are therefore potentially useful for discriminating single cultivars. Using cumulatively all the markers with high variability found even within the most selected materials. Nonetheless, RAPD analysis is already acFst Ͼ0.48, all the varieties could be fully discriminated, with the exception of the pair Carmagnola-CS, which cepted as suitable for the identification of the genetic structure and the geographical origin of Cannabis germwere characterized by similar allele frequencies. Out of Faeti, V., G. Mandolino, and P. Ranalli. 1996 . Genetic diversity of plasm (Faeti et al., 1996) . This study also shows that Cannabis sativa germplasm based on RAPD markers. Plant Breed.
the sexual phenotype and variety sex ratio do not need 115:367-370. to be taken into account during population sampling, Forapani, S., A. Carboni, E. Castellani, G. Mandolino, and P. Ranalli. as their contribution to cultivar diversity was not signifi-1999. RAPD markers for potato germplasm characterization. J. Genet. cant. However, it is advisable to be aware of the exis- , 1997, 1998 
lation.
In a second experiment, ten midseason-maturing cultivars were grown Smithson and Lenné (1996) control (Mundt et al., 1995; Finkh and Mundt, 1992;  to partition the variation among two-way blends into general yielding Power, 1991) , and can reduce yield losses caused by ability (GYA) and true general competitive ability (TGCA) of each variability in soil quality (Trimble and Fehr, 1983 donado (1967) found that cultivar blends had significantly higher yields than their component pure-line cultivars only when in more stressful environments. Shorter and Frey (1979) , by contrast, found no difference be-O at hectarage in the USA has declined dramatitween blend and pure-line performance. cally since 1950 (USDA-National Agricultural
Comparisons of blends and pure lines can vary among Statistics Service, 1998). Inclusion of oat in crop rotasamples of cultivars because of genotypic variation for tions, however, can enhance species diversity on farms contributions to blend performance. Gizlice et al. (1989) and help to reduce weed and insect pests (Liebman used a modified diallel analysis to characterize specific and Dyck, 1993), increase soil quality and curb erosion genotypic contributions to blend response. In this analy- (Gantzer et al., 1991) , and stabilize farm incomes sis, variation among blends was partitioned into general (Brummer, 1998) . Because oat has value as feed for blending ability (GBA) and SCA variances. These effects livestock, in human nutrition, and as a partial remedy are analogous to the general and specific combining for many production problems, methods to increase and abilities estimated from diallel analyses of single-cross stabilize oat grain yields are needed.
hybrids in maize (Zea mays L.; Sprague and Tatum, To minimize the adverse effects of environmental 1942). Gizlice et al. (1989) demonstrated that if purestresses on yield, plant breeders have attempted to deline components are evaluated in the same experiment velop cultivars that will perform reliably well across as the blends, then GBA can be partitioned into two a range of years and sites (Evans, 1993; Allard and components, GYA and TGCA. The GYA represents Bradshaw, 1964 response of a cultivar calculated as the difference be-
